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The L49 (IgGx) monoclonal antibody binds to P 97 (melanotransfemn), a tumor-selective antigen tha 
is expressed on human melanomas and carcinomas. A recombinant fusion protein tha 
contains the antibody binding regions of L49 fused to the Enterobacter cloacae r2-l ^-lactamase (bL; 

constructed, expressed, and purified to homogeneity in an Escherichia coll soluble expression » 
system. The variable regions of L49 were cloned by reverse transcription -polymerase chain react on 
from L49 hybridoma mRNA using signal sequence and constant region primers. Construction of the 
gene encoding L49-sFv-bL was accomplished by hybridization insertion of V H , V L , and sFv linker 
Sequences onto a pET phagemid template containing the bL gene fused to the I^. 1 ^^^ 
Optimal soluble expression of L49-sFv-bL in E. coli was found to take place at 23 1 C with M 
isopropyl S-D-thiogalactopyranoside induction and the use of the nonionic detergent Nonidet P-40 for 
E from the Lcteria P Construction and expression of a soluble form of the P 9 antigen m Chmese 
hamster ovary cells allowed affinity-based methods for analysis and ^ punfication of the fusion protem^ 
Surface plasmon resonance, fluorescent activated cell sorting and Michaehs-Menten kmetic analyses 
showed that L49-sFv-bL retained the antigen binding capability of monovalent L49 as well as the 
enzS^ of bL. In vitro experiments demonstrated that L49-sFv-bL bound to 3677 melanoma 

cellsTxpressing the p97 antigen and effected the activation of 7-(4-carboxybut^ 
mustard (CCM), a cephalosporin nitrogen mustard prodrug. On the basis of these results, ^~f^ 
bL was injected into nude mice with subcutaneous 3677 tumors and localization was /eter^ed^ 
measuring bL activity. Tumor to blood conjugate ratios of 13 and 150 were obtained 4 and 48 h post 
conjugate administration, respectively, and the tumor to liver, spleen and e X. en 
higher. A chemically produced L49-Fab'-bL conjugate yielded a much lower tumor to blood ratio (£6 
at 72 h post administration) than L49-sFv-bL. Therapy experiments established that well-tolerated 
doses of L49-sFv-bL/CCM combinations resulted in cures of 3677 tumors m nude mice The favorable, 
pharmacokinetic properties of L49-sFv-bL allowed prodrug treatment to be initiated 12 h after the 
conjugate was administered. Thus, L49-sFv-bL appears to have promising characteristics for site- 
selective anticancer prodrug activation. 



INTRODUCTION 

A considerable amount of attention has been directed 
toward the use of monoclonal antibody-enzyme conju- 
gates in combination with suitable prodrugs for the 
selective delivery of chemotherapeutic agents to tumors 
(1-3). The monoclonal antibody (mAb 1 ) portions of these 
immunoconjugates recognize tumor-selective antigens 
and are capable of delivering the enzymes to tumor cell 
surfaces. Once tumor localization and systemic conjugate 
clearance have taken place, a prodrug form of a chemo- 
therapeutic agent is administered, which is converted 
into an active drug by the targeted enzyme. This leads 
to the selective delivery of anticancer drugs to sites of 
neoplasia. Pharmacokinetic studies have shown that the 

* Author to whom correspondence should be addressed. 
® Abstract published in Advance ACS Abstracts, June 15, 
1997. 

1 Abbreviations: bL, ^-lactamase; CHO, Chinese hamster 
ovary; CCM, 7-(4-carboxybutanamido)cephalosporin mustard; 
FITC, fluorescein isothiocyanate; IMDM, Iscove's Modified 
Dulbecco's Medium; IPTG, isopropyl 0-D-thiogalactopyranoside; 
mAb, monoclonal antibody; PBS, 10 mM Na 2 HP0 4 , 1 mM KH 2 - 
P0 4) 137 mM NaCl, 2.7 mM KC1, pH 7.4; PCR, polymerase chain 
reaction; PDM, phenylenediamine mustard; SDS-PAGE, scP" 
dium dodecyl sulfate polyacrylamide gel electrophoresis; sp97, 
soluble p97 antigen; Tris, tris(hydroxymethyl)aminomethane. 



intratumoral drug concentrations resulting fro] 
enzyme/prodrug combinations can be significant! 
than that achieved by systemic drug admin 
(4-6). This probably accounts for the observed a 
activities, which include complete tumor regress 
cures in a number of different models for hums 
(7-10). 

Our recent research has focused on the use of 
ies against the human p97 (melanotransferri 
antigen for the delivery of /^-lactamase (bL) to tu 
(10). This antigen has been found to be overe 
on a majority of clinical melanoma isolates ai 
observed on human carcinomas (11-14). & 
antitumor activities have been obtained using 
bination of a chemically conjugated anti-p97 Fa 
CCM (10), a cephalosporin containing prodruj 
(Figure 1). These effects were observed in a n 
tumor model that was resistant to the activitie 

A critical aspect of this targeting strategy s 
the ability of the mAb to selectively deliver th 
to tumor cells and then clear from the system 
tion before the prodrug is administered. The 
cokinetics of the immunoconjugate can be gre 
enced by the nature, valency, and molecular 
the mAb and also by the way that the enzyme is 
Typically, mAb-enzyme conjugates are preps 
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1 ^ re hu StruCt T" ° f th . e ce P h alosporin mustard prodrug 
^ CM and the parent drug phenylenediamine mustard PDm! 

^Junctional cross-linking reagents that react with ex- 
md ammo acid residues on the individual proteins 
^unconjugates produced in this manner are hetero- 
«»ous d ue to the inherent lack of regiospecificity of the 
^s-hnkmg reagente. In addition, these conjugates are 
^oaBy isolated in low yields. Although recent pape^ 
xxrAe alternative coupling chemistries that can afford 
Lfher yields of more homogeneous immunoconjugates 
;o-ip, these methods still involve chemical modifica- 
--<s steps that contribute to product heterogeneity 
Recombinant technology offers an alternative method 
producing homogeneous mAb-enzyme fusion proteins 
& can be designed to have appropriate pharmace- 
utic properties for prodrug activation. ThereTave 

- SS/T 118 ° f ? 6 P roducti °°> characterization! 

activit,es of recombinant Fab, sFv, and disulfide^ 
u-ilized t v-enzyme fusion proteins (4, 18-20). In this 
aper we describe the construction, express on and 
; f actenstica of L49-sFv-bL, an antibody yS-lactamSe 

^tK 1 ? 3 !. 15 ^ the p97 ant igen. We aSo 
~*£t °™? uct }™ and expression of sp97, a soluble 
^ of he P 97 antigen that has proven to be usefidfor 
jugate analysis and purification. In vitro aZlTvZ 

STlZ" r? n ^ d th u at mustrate the ability of - 

act,vate ^e phenylenediamine mustard 
;££v w a r n p97 positive human melanoma cells, 
^ JS f 1ZB m human tumor xenografts in nude 
^ and induce regressions and cures of established 
—ore when combined with CCM. *»uama 

TRIALS AND METHODS 

ftiterials. TheEnterobactercloacaeP99bLgenewas 
: ^ e d from the plasmid P NU363 (21) and subjected 
-^on-based mutagenesis at the nucleotides cSl 

sSha^,™ 0 acids 286 - 29 °- 1*» rtShSiSSr 

fleeted from the resulting library and displayed 

■■ « «7r atK "J 1 * 1 * than the type enzyme 
3& l tlT d0 *°™ hi ™ a * *e substrate gj 
t), If P ? Pared as Piously described by 
^U»^2i? n 5 I,U,, S Fab ' fr^ats of the ant£ 
--uS m i. de " substituted bL > for nung a thio- 
y unk between the two proteins (23). CCM (24) and 

iu 0 r. re rrr ed as previousi y *~*>* 

>U(»? 8nd Char acterization of the L49 mAb 

2 hybrid ° ma V s ^velopVd uTg 
of otW if \*?a previ ? U8l y described for thj 
er h ybndomas 2ff). Balb/C mice were 
•US re P eated ly with the H2981 (lung cSomaT 
.- ^g carcmoma), and W56 (melanom%™™ ' 
*kch were derived from human tumors. SpS 



P3xV 3 X^^ W6re fased ™ th th e ce « line 

™t.f„ g - V 3 (26) that was transfected with the neo- 

SIuJtT?"? g6ne - Standard selecti on and clomng 
yielded a hybndoma producing the L49 Igd mAb g 

Scatchard analysis of L49 binding was performed hv 
activity ot 0.3 mCi/mg of protein. 3677 melanoma cells 

the ceUs were tX^E^ 
centnfugation through silicon oil. The tubes wS frozen 
fta cell p el ie t was cut from the supernatiiT, Sid ^ both 
. fractions were counted in a gamma counter BmdZ 
affinity and the number of sites per cell were deterSd 
by Scatchard analysis (27) ^rmmea 

ma^utiS PC?b a , A r Cr t d f ° m ° f P9? (S P 97 > was 
u , tuizin | PCR-based mutagenes s to introduce a 

uSrr a l°nf^ r , CySt t ine 709 (14) > three amino adds 
(28 Sr^. r ^P^Phatidylinositol anchor domain 
fl i • j5 e 3 oll & onu cleotide used in the PCR reaction 

coSo^CoSnr ^ Ch£ ? ^ the S710 codon ^ " stop 
codon. Coding sequences for 29 amino acids, including 
the membrane anchor region, were deleted from thf 
carboxyl terminus of wild type P 97. Cloning a^dexpres! 
sion of sp97 were accomplished using a gl^tamine^- 
T^e te s S D 9? e ^ n aS ^ marked in CHO ceS^ §?). 

fecJJtLfSrTS Tl int0pEE14 (M) and trans- 
ciDiteH?n CeUs by calcium Phosphate copre- 

res iSTe to^rS 1711 ^ 3 W6re initialJ y «elected P for 
resistance to 25 ^M methionine sulfoximine and sn97 
secreting colonies were selected for amplificatCat toL 
concentrations of 100, 250, and 500 A M The selectio? 
and amplification medium used was Glasgow M?nim«m 

tT^jSSS^^ suppSntedU 
]0 ^? ed C f H ? C ?U hne secreting sp97 was cultured in 
ietmotfS 68 ' Sophie P 97 was isolated from the 
,™? j u 6 j 5 immun oaffinity chromatography col- 
t^ ^ 7 d f SCnbed f reviou sly for the purification of ,vUd 
T me,anoma ce "s (32). Small amount 
residual contaminants were removed by gel filtration on 

fiit ^ ? ° a 0 , HR C ° lumn (PharmS £S) usC 
teater b v U uTtr afi H 1U lons f containi ^ *P97 were conS 

pX^sss^ as^ss b c y 

s r b«sr°" 

Cloning of L49 Variable Regions and sFv C n- 
struction. Construction of L49-sFv-bL by hybSzation 
msertion was performed with materials -Si ^ protocols 
from the Bio-Rad M13 mutagenesis kit, except for SS 

Kit M13K07 helper phage). The variable regions of the 
n^oyTr^^^ 

Soffi ' 
primed reverse transcription reactions and siS £ 

tiro?U9^ n S re ^°^ C ^truc- 
of ? the dET 2^"ni bega ?. wrth a single-stranded template 
ot tne pJiT-26b phagemid containing the r2-l mutant of 

l C f d0aC ^ 9 l bL ^ ene ^> to the S e 

t|oa^ 

CCS&T^ 
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j9 Fab' 2.3 x 10 s 

blf na 

>Fab'-bL rf 1.8 x 10 5 

.j?-sFv-bL c 4.1 x 10 s 



*-(M-»-,-i) Adr(B -i) (S) fecat(s -.) ^ 



1.7 x 10~ 4 
na 

2.4 x 10- 4 
4.2 x 10~ 4 



0.73 
na 
1.3 
1.0 



na* 
261 

nd* 
232 



na 
19 
nd 
19 



100 



< Values shown are the average of a minimum of two indepen- 
«t expenments, except for L49-Fab'-bL (binding experiment 
^rfuned once). The range of values obtained in MichaeUs- 
Mten kinetic analyses was within 5% of the means. Nitrocefin 
m used as an enzyme substrate. » Not applicable. « The r2-l bL 
-.• !: ans mutations at positions 286-290 compared to the wild type 
cr.™ (22). "Chemically prepared conjugate containing the wUd 
enzyme. ' Not determined. 
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10* 10* 
PDM or CCM Concentration (M) 

f " «!5 Li Cyt ° t0XiC 1 e , ffects J 0f mAb-bL + CCM combinations 
t*77 melanoma cells as determined by the incorporation of 
*«^nd.ne into DNA. 3677 cells were incubSed^Sfl? 
- bL conjugates, washed, and treated with CCM for 1 h 
-Vh ^rr ( : om P ared *> cells treated with CCM or PDM 
«t , Pn °I COnjUgate ex P<«ure to cells that were 

^ISelSf Dg am0UntS *™»*"ff*>d L49 priori 



.able 1). Michaehs-Menten kinetic analyses confirmed 
-- v n/^ 10n P rotein r etained the full enzymatic 

•-:v2 (2^ Tl^^wt t n2 ^ e from which * ™s 
» ^ 0th 4116 bmdin S of the L49 mAb and 

* enzymabc activity of the E. cloacae r2-l bL were 
^served in the fusion protein. ere 

n,"X x ; c eff ^s of U9-sFv-bL in combination with 
■A were determined on 3677 human melanoma cells 

we P r"fL5 e p97 ,r igen (FigUre The expert-' 
■^iaS t ° m ff tre f ting the ceUs the 
^ Sh ^ 0ff unbound material, adding various 

SS?" 1 ' ° f CGM V ,n,d Usin * TOhymidirle 
«^onasa measure of cytotoxic activity. The prodrug 

■•' »l7. ljAM) w as approximately 50-fold less toxic 
^7 cells than the drug PDM (ICa, = 0.3 uM) As 

*£ 1 at L49 - S J V - bL L49-Fab'-bL were equal^ 
-4uiv a lf t g . aCtivati0D ' 811,1 ^ combinations 
™ m to PDM - ^ indicat «s that 

She c3-° n b / f 0 i h J"***" was efficient 
I «nvation was immunologically specific, since L49- 

1 *J£! ^ f ^ ate CCM on ceUs were sXaid 
^conjugated L49 before being exposed to the fusion 

l ^lZi°U9F^ Biodistrih "?™ ^udies of L49- 
K367 *S We / e Carried out in nude 

^* were 7n,W ^° ma tUm ° r ^^afts. The con- 
were mjected iv, and at various time points 
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Figure 8. Pharmacokinetics of L49-sPv-bL in nude rW nu^ 
^-lactamase activity was determined using nitrwefin as a 
melanoma tumors and in normal tissues. fiSSdZ"^ 

- tissues were removed and extracted under alkaline 
conditions to disrupt antigen-antibody interartionT The 

TSSZT ? > traPP6d ^ pol ^ onal antise^m^ 
, ^ °V activity was measured using nitrocefin as a 
^lonmetnc mdicator (37). Control expefLents in^ntcS 
L49-sFy-bL was directly injected into excised tumors and 

90% of S^^r* 8 eXtraCti0n P rocedure ^ove^d 
yu% of the injected bL activity. 

SA^ 49 ^^- 01 , 6 ^ Veiy rapidly from the bl00d (Fi&ure 
!nh^ mitl{d ™* terminal clearance half-lives (La 
£.^1 respectively) were 0.3 and 2.5 h, respectively 
l^J^o^u 3 , 10 reduction of L49-sFv-bL blood leS 
within 24 h of conjugate administration. In spite of Ss 

L&iAT^' relatiVelj ; high ^tratumoral levels of 
irS J t-hI ♦ • re m . easu f ed compared to normal tissues, 
and the ratio remained high for 24 h (Figure 8B) At 4 

Lrl^; 8 ^ administ ration, the hunor tobtoJ 
ratio was 13:1. The ratio increased substantially with 

&SbS 1 °, 5:1 , within 2 , 4 h of conjugaterdSsT* 
SK 16 2X S lmJa i- re sults were obtained using L49- 
sFv-bL doses of 4 mg/kg. At this dose, very high tumor 
to blood ratios (141-150:1) were measured 24-48 hXl 
conjugate was administered. Interestingly, chemi- 

L 1 9 - Fab :- bL cleared quite slowfyfromX 
blood and had only a 5.6:1 tumor to blood ratio 72 h after 
admuustrat^n Thus, L49-sFv-bL localizes in tumor! 
dears rapidly from the systemic circulation, and has 
2 a f ™P rov t d Pharmacokinetic properties com- 
pared to the chemically produced U9-Fab'-bL conjugate. 

Therapeutic Activity. In vivo therapy experiments 
were performed using the L49-sFv-bIVCCM comStion 
m nude mice with established sc 3677 tumors TWs 
particular tumor model has previously been shown to be 
resistant to treatment with doxorubicin, PDM, ScCM 
WW. In the experiments reported here, conjugate treat- 

whT c hT aS ^ tia t ted 7-8 d3yS after tu^or'impranrat 
wnich time the tumors were approximately 130 mm 3 in 
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> remaining two animals in this group had tumors that 
: .#rwent partial regressions but eventually began to 
~?s after the last prodrug treatment. There were no 
;;marent toxicities in any of these treatment groups, 
significant antitumor activity could also be achieved 
writhe prodrug was administered 24 h post conjugate 
^i^iaistration, either by increasing the prodrug dose and 
-raping the conjugate dose constant at 1 mg/kg/injection 
"^ure 9B) or by increasing the conjugate dose to 4 mg/ 
objection (Figure 9C). In both cases, the majority of 
iiors were cured, again with no evidence of toxicity. 
: jslly, therapeutic efficacy was also obtained with a 48 
:2i*rval between conjugate and prodrug administration 
?£ure 9D). Tumor regressions were obtained in all of 
^ mice in these groups, and three of six animals that 
reived 275 mg/kg/injection CCM were cured. Thus, the 
rritumor activities of L49-sFv-bL in combination with 
CM were pronounced, and therapeutic efficacy was 
ur.ieved in a variety of dosing schedules. 

.IsCUSSION 

We have previously demonstrated that mAb-bL con- 
rites activate cephalosporin-containing prodrugs in an 
znunologically specific manner and such combinations 

- d to regressions and cures of established tumors in 
i« [6, 10 y 24, 36). These conjugates were prepared by 
.shining maleimide-substituted bL with thiol-contain- 
x raAbs and then subjecting the resulting mixtures to 
-rtfcation procedures that involved affinity and size 
dusion chromatographic steps. Although care was 
Atn to control the degree of protein modification and 

: isolate principally monomeric material, SDS-PAGE " 
z&ysis generally has indicated the presence of ag- 
r*ptes, dimers and lower molecular mass components 
: the conjugate preparations. This is exemplified in 
: fjre 5D, which shows that chemically produced L49- 
\*-bL contains several species besides the expected 
r^uet at 92 kDa. Such heterogeneity is most likely due 

- she lack of specificity inherent in the reagents used 
protein modification (39). While a number of elegant 

:-thods, such as reverse proteolysis (16, 40-42) and 
-rsiaal amino acid group modification (43), have been 
to overcome this problem, these techniques can 
^ lead to considerable product heterogeneity. 

As alternative approach toward the preparation of 
--sna and well-defined antibody— enzyme immunocon- 
ates has involved recombinant technology for the 

Auction of fusion proteins. This .has led to the 

- "Jlopment of L6-sFv-Bacillus cereus ^-lactamase (19) 
^anti-pl85HER2-Fv-£. coli ^-lactamase (20) fusion 

■tfins, both of which were capable of effecting prodrug 
ctwaa'on in vitro. More detailed biological studies have 
>sj reported with a recombinant anti-CEA-Fab-^-glu- 
'-"aidase fusion protein, which activated a doxorubicin 
"&ug in vitro and in vivo (4). The distinguishing 
/^res of these fusion proteins are that they are 
' ^ogeneous and potentially can be made in reproduc- 
^ aad economical manners. In the work described 
^ we have utilized recombinant methodology for the 
auction of L49-sFv-bL. It was possible to express 
^ie fusion protein in E. coli such that denaturation 
' folding was not required for activity. L49-sFv-bL 
■- Purified using a two-stage affinity chromatography 
wading to the isolation of a homogeneous product 
^*as fully active with respect to both the L49 and 
^aponents. As expected, the fusion protein was able 
melanoma ceUs that ex P r essed the p97 antigen 
^activate a cephalosporin mustard in an immunologi- 
; 7 specific manner. 



To minimize systemic, nontargeted drug release in 
vivo, a high mAb-enzyme tumor to normal tissue ratio 
is needed before the prodrug is administered. To attain 
the required localization index in mice, the time between 
conjugate and prodrug administration has varied signifi- 
cantly from one system to another. For example, the 
delay between conjugate and prodrug was 3 days for 96.5- 
Fab'-bL (molecular mass 92 kDa) (10), 1 week for the anti 
CEA-Fab-^-glucuronidase fusion protein (molecular mass 
250 kDa) (4), and 2 weeks for the ICRl2-carboxypepti- 
dase G2 conjugate (molecular mass range of 233-316 
*kDa) (9). In some cases, it has even been necessary to 
accelerate systemic conjugate clearance in a separate step 
involving the formation of immune complexes before 
prodrug could be administered (5, 44, 45). Here, we have 
shown that L49-sFv-bL not only clears very rapidly from 
the systemic circulation (Figure 8A) but also preferen- 
tially localizes into subcutaneous tumor xenografts (Fig- 
ure 8B; Table 2). The very high tumor to nontumor 
fusion protein ratios obtained within 4-12 h of conjugate 
treatment would lead to the prediction that, in contrast 
to other enzyme/prodrug systems (4, 9, 10), therapeutic 
efficacy would not require protracted time intervals 
between conjugate and prodrug administration. This has 
now been experimentally confirmed, since cures of es- 
tablished tumors were obtained when CCM was admin- 
istered 12 h following the conjugate (Figure 9A). 

It is noteworthy that a correlation can be made 
between the outcome in the therapy experiments (Figure 
9) and the pharmacokinetic data (Figure 8; Table 2). At 
a given conjugate dose, the intratumoral concentration 
decreased with a half-life of approximately 8 h (Table 2). 
This may be due to a variety of factors such as dissocia- 
tion of the conjugate from the antigen, membrane recy- 
cling, enzyme metabolism, and rapid tumor growth. The 
net result is that longer time intervals between conjugate 
and prodrug administration require that the amount of 
either prodrug or conjugate be increased to maintain 
therapeutic efficacy (Figure 9). 

In conclusion, we have shown that recombinant L49- 
sFv-bL has properties that are well suited for site- 
selective anticancer prodrug activation. The fusion 
protein is homogeneous, localizes in solid tumor masses, 
and clears very rapidly from the systemic circulation. In 
these respects, L49-sFv-bL has significant advantages 
over the L49-Fab'-bL chemically produced conjugate. 
Finally, we have shown that L49-sFv-bL/CCM combina- 
tions lead to cures of established melanoma tumors 
without toxic side effects. Currently, we are optimizing 
the treatment protocols and are investigating the effects 
of L49-sFv-bL/prodrug combinations in several carcinoma 
tumor models. 
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